This case study reports on an acoustic investigation of the motor speech characteristics of a set of young adult male monozygotic (MZ) twins and compares them to those of an age-and sex-matched sibling who participated in the study 2 years later to match for demographic factors. Coarticulation patterns were investigated from read samples of consonant-vowel sequences in monosyllabic words containing a variety of consonants and vowels. This was done by examining F 2 vowel onsets and F 2 vowel targets, plotted as F 2 locus equations. Data were processed for betweensibling differences using a number of statistical tests. Results indicated that the MZ twins displayed F 2 parameters and coarticulation patterns which were more similar than those of their age-and sex-matched sibling. The results of this case study therefore suggest that acoustic phonetic parameters used to index coarticulation patterns have the potential to profile some of the similarities and differences in the speech characteristics of genetically related individuals.
Introduction
The influence of genetics and heredity on language development and developmental language disorders has been widely investigated using family studies Lewis and Freebairn, 1997; Spitz et al., 1997; Shriberg et al., 2001; Stromswold, 1998 ] and twin studies [Hay et al., 1987; Hohnen and Stevenson, 1999; Thompson, 1991, 1992; Locke and Mather, 1989; Bruggemann, 1972, 1973; Mather and Black, 1984; Mittler, 1976; Munsinger and Douglas, 1976] . There is evidence to suggest that monozygotic (MZ) twins have high levels of concordance for speech and language development [Lenneberg, 1969; Locke and Mather, 1989; Matheny and Bruggemann, 1973] and speech and language disorders [Lenneberg, 1967 [Lenneberg, , 1969 Thompson, 1991, 1992] . A theme that emerges from these studies is that in normal development, MZ twins display a tendency to share both articulation and misarticulation patterns [Locke and Mather, 1989; Matheny and Bruggemann, 1973] . In addition, articulation disorders account for most of the types of speech and language disorders reported for MZ twins Thompson, 1991, 1992] . This, and the concordance of verbal ability in MZ twins [Plomin et al., 1990 [Plomin et al., , 1997 , corroborates earlier accounts of genetic influences on speech and language development [Lenneberg, 1967 [Lenneberg, , 1969 . Furthermore, the verbal ability of MZ twins appears to be related to other areas of their language performance. For example, in a twin study of children aged 6-12 years, which investigated specific cognitive abilities (verbal, spatial, speed and memory) and scholastic achievement (reading, maths and language), there was evidence to suggest 'substantial overlap in the genes that affect verbal ability and reading achievement' [Thompson et al., 1991, p. 161] .
Both morphological [Locke and Mather, 1989] , cognitive and neuromuscular factors [Matheny and Bruggemann, 1973] have been proposed as explanations for the greater overlap in the articulation skills of MZ twins when compared to dizygotic (DZ) twins. These suggestions are supported by recent evidence which suggests that those brain structures which subserve speech and language input and output processing (e.g., sensorimotor cortex, linguistic cortices such as Broca's and Wernicke's areas as well as frontal brain regions) are also influenced genetically, and that MZ twins display very high levels of similarity in these brain regions [Plomin and Kosslyn, 2001 ; Thompson et al., 2001] .
Studies Investigating the Acoustic Characteristics of Twins' Speech
Despite the overwhelming evidence for the high levels of concordance in the normal development of verbal ability and articulation skills of MZ twins, relatively few studies have investigated the speech or voice characteristics of MZ twins using acoustic analysis [Forrai and Gordos, 1983; Fuchs et al., 2000; Nolan and Oh, 1996; Przybyla et al., 1992] . Using read speech [The Rainbow Passage, Fairbanks, 1960] , and a large twin sample, Przybyla et al. [1992] found that MZ twins displayed higher levels of similarity than DZ twins in vocal fundamental frequency, therefore suggesting that vocal fundamental frequency was influenced by genetic factors. Similar findings have also been reported more recently [Fuchs et al., 2000] . However, an earlier study found that intra-pair differences in vocal fundamental frequency alone were not sufficient in determining the zygosity of same-sex twin pairs. Instead, it was found that when 14 acoustic parameters were combined (e.g. fundamental frequency, standard deviation of fundamental frequency, vowel formant frequency parameters), perfect determination of zygosity was achieved for a subgroup of twin pairs [Forrai and Gordos, 1983] . In addition, although there is some acoustic evidence that some MZ twins display similar coarticulation patterns, other data suggests that some pairs of MZ twins display differences in their speech patterns. For example, Nolan and Oh [1996] found some inter-twin disparities in the acoustic patterns and phonetic realizations of the alveolar approximant /r/, and the lateral approximant /l/. Nolan and Oh [1996] also report, however, that different twin sets displayed greater or fewer intertwin similarities. This therefore suggests that the degree of similarities in twins' speech is not uniform across twin pairs.
By examining the speech patterns of MZ twins using acoustic analysis, it is possible to gauge their motor speech skills indirectly and assess the level of similarity in these fine motor skills. By adopting such an approach it is therefore possible to examine the spectral characteristics of their speech and assess the degree of resemblance in these acoustic structures within MZ twin pairs. If the speech patterns of MZ twins are highly similar, this could be the result of not only their shared physical (e.g. vocal tract morphology) characteristics, but also their shared genes and shared environments [Plomin and Kosslyn, 2001] . In fact, in order to investigate the speech patterns of MZ twins, it is necessary to ensure that they share the same language and the same speech community environment because of differences that exist across different languages, dialects, and accents, and the influence of these factors on speech and language. By examining the extent of the similarities and differences in speech parameters within MZ twins, and comparing these with DZ twins or siblings, it may be possible to assess the extent of genetically shared and environmental influences on motor speech characteristics.
Investigation of Speech Characteristics from Coarticulation Patterns Using F 2 Locus Equations
In the pronunciation of the word 'do' ([du]), for example, a speaker will begin to round their lips in anticipation of the rounded vowel [u] before the release of the lingual closure for [d] . This overlap in articulatory gestures for the consonant and vowel, both temporally and spatially, is known as coarticulation. The acoustic consequences of this gestural overlap can be observed in the systematic variations of formant frequency values at the boundary of [d] and [u] . In particular, the second formant frequency F 2 at the boundary of [d] displays systematic covariation (correlation) with the vowel target, therefore reflecting anticipatory articulation. These systematic correlations can be captured using F 2 locus equations, which parameterize the relationship between F 2 mid and F 2 onset values of vowels in consonant-vowel (CV) sequences [Duez, 1992; Krull, 1989; Lindblom, 1963; Nearey and Shammass, 1987; Sussman et al., 1991 Sussman et al., , 1992 Sussman et al., , 1998a and provide an indirect representation of the dynamics of lingual gestures which are involved in the production of CV sequences.
Locus equations are phonetic descriptors of place of articulation [Sussman et al., 1991 [Sussman et al., , 1992 [Sussman et al., , 1998a which depict the linear relationship between the F 2 mid vowel (or target) frequencies (plotted along the x axis) and F 2 vowel onset frequencies (plotted along the y axis) of CV sequences in CVC syllables. Locus equations are expressed by simple regression functions as F 2 vowel onset = k × F 2 mid vowel + c, where k represents the slope of the function and c, the y intercept. It has been established that the slopes of these regression lines vary with the place of articulation [Sussman, 2002; Sussman et al., 1991 Sussman et al., , 1992 Sussman et al., , 1995 Sussman et al., , 1998a Tabain, 2000; Tabain and Butcher, 1999] and that the steepness of these slopes is indicative of the extent to which consonant and vowels coarticulate. Steeper slopes occur where there are high levels of covariation between the F 2 onset and F 2 target values of a vowel in a CV syllable as is often the case for bilabial plosives for example, and therefore provide an index of higher degrees of coarticulation [Sussman, 2002; Sussman et al., 1991 Sussman et al., , 1992 Sussman et al., , 1998a . On the other hand, shallower slopes which tend to occur for alveolar consonants [Sussman and Shore, 1996] would be indicative of low levels of covariation, and therefore, less coarticulation between the F 2 onset and F 2 target values of a vowel in a CV sequence Coarticulation Patterns in Monozygotic Twins 275 of a CVC syllable. Examples of scattergraphs depicting F 2 locus equations are provided in figure 3. The input processing (i.e. perceptual) relevance of the relationship between vowel onsets and vowel targets of F 2 as expressed by F 2 locus equations has both its proponents and its critics [see Sussman et al., 1998b for a review and commentaries]. However, there is some evidence to suggest that the acoustic phonetic data which they represent (i.e. vowel onset and mid vowel F 2 values) play some role in perception. For example, their perceptual role has been demonstrated using synthetic stimuli [Fruchter and Sussman, 1997] . Further evidence is provided where it is shown that speakers display very similar F 2 locus equation functions for speech produced both with and without bite-blocks [Sussman et al., 1995] . The highly similar F 2 locus equation functions for these two conditions suggest that in the bite-block condition, compensatory articulatory gestures are operating to maintain the acoustic relationship (and therefore auditory perceptual cues for consonants which include F 2 parameters), between the onset and target values of the vowels in CV(C) syllables [Sussman et al., 1995] . The evidence that F 2 locus equations display emerging developmental patterns during infancy and early childhood further highlights the importance of the perceptual relevance of the relationship between F 2 onset and F 2 target values expressed by F 2 locus equations [Sussman et al., , 1999 .
This case study reports on a preliminary investigation of coarticulation parameters and patterns in the read speech of one set of young male adult MZ twins and an ageand sex-matched sibling. Earlier studies have reported some evidence of both perceptual and acoustic similarities in the speech of the MZ twins investigated here Rixon, 2000, 2001] . The aim of this case study was to investigate the speech patterns of the twins further, and compare them with those of their sibling by examining their coarticulation patterns in CV sequences within a set of CVC monosyllabic words in a variety of phonetic contexts. This was done by measuring formant frequency onset and mid vowel (target) values for F 2 , and deriving F 2 locus equations as one method of characterizing coarticulation patterns. On the basis of their shared accent, dialect, environmental influences, and physical characteristics, it was predicted that although all 3 siblings would share some coarticulation patterns, there would be evidence of a higher degree of similarity between the coarticulation patterns displayed by the MZ twins compared to their age-and sex-matched sibling.
Method
Subjects A pair of MZ twins (T 1 and T 2 ) and one of their male siblings (S) participated in the study. Details of their respective heights and weights are given in table 1. From the physical similarities between all 3 siblings, and the significant positive correlation between vocal tract length and height and weight [Fitch and Giedd, 1999] , it could be inferred that they all share similar vocal tract lengths. On an impressionistic level, the twins' voices were judged to be very similar in quality. Using a subset of the data to be reported here, a prior study had shown that although the twins were identified accurately by family and friends above chance, the level of accuracy averaged around 72%, therefore suggesting some degree of overlap in their speech characteristics. Furthermore, this was confirmed by the presence of similarities between their speech parameters [Whiteside and Rixon, 2000] , and reconfirmed using the full data set in a later study [Whiteside and Rixon, 2001] . The accent and speaking styles or idiolects were in general judged to be very similar across all 3 siblings. The twins were 21-year-old Southern Irish males with no history of speech, language or hearing problems. Their Whiteside/Rixon 276 sibling S was a 20-year-old male who like the twins had no history of speech, language or hearing problems, and had resided at home (Dublin) until he left to attend the same higher education institution (a University in Sheffield) as the twins. A period of 2 years had elapsed between the participation of the twins and the sibling in order to match factors such as age, and environmental influences such as the ambient local accent differences between Dublin and Sheffield [Foulkes and Docherty, 1999] .
Speech Material
All 3 siblings were recorded using a Sony DAT recorder (model TCDD100) and a high-quality Sony microphone (model ECMMS907). They read 5 word lists in a quiet room. Each word list consisted of the same 32 words presented in different random orders so that 5 productions of each word were obtained altogether, and a potential 160 words per sibling. The words were monosyllabic, of the structure consonant-vowel-consonant (CVC), and contained a variety of vowels with initial consonants having bilabial, alveolar, velar and glottal places of articulation (/b/, /d/, /g/ and /h/). The entire list of monosyllabic words (and relevant vowel contexts) is as follows: bead
). Each word list had 4 'dummy' items (word tokens) at the beginning to give the speakers time to adjust to the task. There were also 5 'dummy' items at the end of the list to allow for possible increase of speaking rate or decrease in volume or lowering of pitch that may possibly have occurred towards the end of the reading task. All 3 speakers were instructed to read the words using their habitual reading voices, and a steady even pace so as to avoid any performance behaviours that might have resulted in an unusual degree of variation in pitch, volume or speed of presentation. A total of 10 words were misread by the siblings (3 by T 1 , 2 by T 2 and 5 by S), which represented a data loss of 2.1% (10/480 × 100).
Acoustic Analysis: F 2 Parameters
A total of 470 monosyllabic words were digitized using a Kay Elemetrics Computerized Speech Laboratory (CSL, model 4300) with a sampling rate of 16 kHz. Sound pressure waveforms and wideband (183 Hz) fast Fourier transform (FFT) spectrograms of the monosyllables were then generated and analysed using the CSL. In order to investigate coarticulation patterns, F 2 (in Hz) measurements were taken at the onset (vowel onset) and temporal midpoint (mid vowel) for the vowel portion of each monosyllabic word (see fig. 1 for sampling points). It is acknowledged that vowels may be realized as monophthongs or diphthongs. Vowel targets represented at the temporal midpoint may therefore not adequately capture this variability in vowel realization, particularly across speakers from a wide range of ages, accents and backgrounds. However, all 3 age-matched siblings shared the same accent and idiolect. The choice of the temporal midpoint was therefore not viewed to be problematic for the aims of the current preliminary study. The formant frequency measurements were obtained from the wideband spectrograms using a hair crossed-line cursor, which provided an automatic frequency readout at Coarticulation Patterns in Monozygotic Twins 277 Phonetica 2003; 60:273-297 1 These words indicate those CVC words that contain rhotacized ('r-coloured') vowels in this Irish accent. 
Reliability of Formant Frequency Analysis
In order to provide a measure of reliability for the analysis of formant frequency values, 20% of the CVC syllables were reanalysed by the same experimenter (S.P.W.) 9 months after the original analysis had been performed. Statistical comparisons between both sets of measurements of formant frequency onsets and temporal midpoints were performed using statistical methods which have been adopted elsewhere [Sussman and Shore, 1996; Sussman et al., 1999] . Both absolute differences and Pearson's correlation coefficients were derived for the onset and temporal midpoints of F 2 obtained from the original analysis and the re-analysis. The results of the reliability analysis were as follows. F 2 onset: r = 0.994, mean absolute difference = 36.0 Hz; F 2 mid: r = 0.995, mean absolute difference = 38.9 Hz. These reliability measures compare favourably with previously published data on F 2 onset and F 2 vowel measures [Sussman and Shore, 1996; Sussman et al., 1999] .
F 2 Locus Equations and Simple Regression Functions
F 2 locus equations were generated using a simple regression function (1) where k represents the slope of the function and c, the y intercept. F 2 locus equations were derived for the twins (T 1 and T 2 ) and sibling (S) for each place of articulation (bilabial, alveolar, velar 2 , and glottal). The F 2 vowel onset and F 2 mid vowel values were the 'onset' and 'temporal midpoint' values described above.
Euclidean Distances Separating Siblings and Euclidean Distances Separating Consonants
The y-intercept values for each of the F 2 locus equations were divided by 2,000 to provide a normalized set of values between 0 and 1 [Sussman et al., 1998a] . Slope values were subsequently plotted against corresponding normalized y-intercept values for the F 2 locus equation functions of all 3 siblings (twins T 1 and T 2 , and sibling S) 3 to provide a simplified higher order locus equation acoustic space for all four places of articulation [Sussman and Shore, 1996; Sussman et al., 1998a] . This higher order space was then used to calculate two sets of Euclidean distances to examine between sibling differences. Firstly, Euclidean distances separating each sibling for each consonant (i.e. T 1 -
. Euclidean distances were calculated using formula (2).
Simple Linear Regression Modelling of F 2 Vowel Onset and F 2 Mid Vowel Values: The Application of Chow Tests to Test Between-Sibling Differences
Simple linear regression functions of vowel onset and mid vowel values for F 2 were tested for between sibling differences by applying a series of Chow tests for each place of articulation (bilabial, alveolar, velar and glottal) . The Chow test is used to test the equality between sets of coefficients in two linear regressions [Chow, 1960; Maddala, 2001] . So for example, when a simple linear regression model is used to represent the relationship between mid vowel and vowel onset formant frequency values, and therefore a measure of coarticulation, one could investigate whether the same linear relationship between mid vowel and vowel onset holds for different individuals; in this case, a set of MZ twins and an age-and sex-matched sibling. This question can be answered by testing whether two sets of observations can be pooled and modelled by the same regression model. An example would include testing for differences between the mid vowel and vowel onset formant frequency data for T 1 and T 2 . In order to test for this, a regression function modelling the pooled data for T 1 and T 2 for each place of articulation would be compared with the separate regression functions for T 1 and T 2 for each place of articulation, which would be subsequently combined to see if there were any significant differences between the pooled data and the combined regression functions. The Chow test is based on the assumption of equal variance. Therefore, homogeneity of variance tests were carried out on all F 2 mid vowel and F 2 vowel onset data used in the four models outlined below using Levene's statistic [SPSS, 1999] . Results indicated equality of variance for all the data used in the four models for all places of articulation (table 2) , and therefore supported the use of the Chow tests.
The four models of the Chow test which were applied to test for between-sibling differences in the regression functions of formant frequency mid vowel and vowel onset values for F 2 for each place of articulation were as follows.
Model 1 tested for differences between T 1 and T 2 by comparing the regression functions of the pooled data for T 1 and T 2 compared to the combined separate regression functions for T 1 and T 2 . If no significant differences were found between the pooled data of T 1 and T 2 and the combined separate regression functions of T 1 and T 2 , this would suggest that the two sets of observations can be pooled for T 1 and T 2 and modelled by the same regression function.
Model 2 tested for differences between the pooled data of the T 1 , T 2 and S compared to two separate models for both T 1 and T 2 (pooled), and S. If no significant differences were found between the pooled data of T 1 , T 2 and S and the combined separate regression functions of T 1 and T 2 (pooled), and S, this would suggest that both sets of observations can be pooled for T 1 and T 2 and S can be modelled by the same regression function. Model 3 tested for differences between T 1 and S by pooling the data for T 1 and S compared to the regression functions of T 1 and S modelled separately. If no significant differences were found between the pooled data of T 1 and S and the combined separate regression functions of T 1 and S, this would suggest that both sets of observations can be pooled for T 1 and S can be modelled by the same regression function.
Model 4 tested for differences between T 2 and S by pooling data for T 2 and S compared to the values for T 2 and S modelled as two separate regression functions. If no significant differences were found between the pooled data of T 2 and S and the combined separate regression functions of T 2 and S, this would suggest that both sets of observations can be pooled for T 2 and S can be modelled by the same regression function. Table 3 provides the mean and standard deviation values for the F 2 vowel onset and F 2 vowel target (mid) data for T 1 , T 2 and S by word token, and by the initial consonant's place of articulation. On a token by token basis, the F 2 onset and F 2 vowel target values in table 3 reflect a number of phonetic context effects and individual differences which deserve some attention. We will first turn our attention to the some key phonetic context effects in the data.
Results

F 2 Vowel Onset and F 2 Mid Vowel Formant Frequency Values
The in 'dub', 'dud', 'dug') which display F 2 onset values which are appreciably higher. These F 2 patterns reflect the allophonic variations which arise from the articulatory constraints and kinematics involved in the production of /dVC/ syllables. The small differences between the F 2 onset and F 2 target values for the front vowel contexts reflect the smaller lingual movements from the anterior alveolar plosive to the close anterior palatal constrictions which are typical for front vowels. This contrasts with the larger differences between the F 2 onset and F 2 target values observed for the back vowels, which reflect larger lingual movements from the anterior alveolar plosive to the posterior velar/pharyngeal constrictions, which are typical for these vowels. Allophonic variations can also be seen in the data for the velar place of articulation. Here, smaller F 2 onset/F 2 target differences are observed for the close front vowel context ([R] in 'gig') compared to the more open vowel contexts (e.g. [a'] in 'gag', [ ‡'] in 'god'). Again, these allophonic variations can be explained in terms of the articulatory constraints and kinematics involved in the utterances pre- sented in this study; larger differences will reflect more extensive articulatory transitions/movements. If we turn now to individual differences, we are able to observe the following key trends by place of articulation. Firstly, for the bilabial data set T 1 and T 2 display similar F 2 onset to F 2 target changes for the word tokens 'bad', 'bed' and 'bob'. In addition, the token 'bud' displays greater similarities between T 1 and S, and the tokens 'bead' and 'bird' display greater similarities between T 2 and S. Secondly, for the alveolar data set T 1 and T 2 display comparable F 2 onset to F 2 target changes for 'dud'. In addition, 'dad' and 'dog' display greater similarities between T 1 and S, whereas the F 2 changes are more similar between T 2 and S for the word token 'dead'. Thirdly, the velar data display the following individual differences. T 1 and S display more similar F 2 changes for 'gig' and 'gag', whereas the word tokens 'gag' and 'god' display greater similarities in F 2 changes between T 1 and S, and T 2 and S, respectively. Finally, in the case of the glottal data set, the word tokens 'hard', 'heard' and 'hood' display F 2 changes which were the most similar for T 2 and S. This contrasted with only one token ('head') which displayed the greatest similarities between T 1 and T 2 .
The mean values (± standard error of the mean) for the F 2 vowel onset and F 2 vowel target data across all tokens are provided in figure 2 for each sibling (T 1 , T 2 and S) by place of articulation. Turning first to phonetic context effects, the bilabial ( fig. 2a) and glottal (fig. 2d ) places of articulation displayed rises in F 2 values from the onset to the target values, thereby reflecting rising F 2 transitions for these two places of articulation. The rising F 2 transition patterns across all tokens are typical for the bilabial place of articulation. The alveolar ( fig. 2b) and velar (fig. 2c ) places of articulation displayed fall in F 2 values from the onset to target values, thus reflecting falling F 2 transition patterns. In the case of the alveolar place of articulation, this falling F 2 transition pattern is typical for all vowel contexts except close front vowels (e.g. /i'/), and in some cases mid vowels (e.g. /£/), which display rising and flat transitions, respectively. The first of these phonetic context effects is reflected in the F 2 onset and F 2 mid values for the close front vowel /i'/ (in 'deed') for all 3 siblings (table 3) . If we now turn to individual differences, we are able to note from figure 2 that T 1 and T 2 displayed higher F 2 onset and F 2 target values compared to S, and this was the case for all places of articulation. Table 4 provides the results of a General Linear Model repeated measures test (by sibling) for F 2 vowel onset and F 2 mid (target) vowel data. The results of betweensibling comparisons with Bonferroni adjustment for multiple comparisons are also given in table 4. There were significant sibling effects for both formant frequency parameters (table 4) . When sibling effects were examined more closely using multiple pairwise comparisons, significant differences (p < 0.05) were noted for all but one between-sibling comparison, namely T 1 -T 2 for F 2 vowel onset (table 4). These results replicate earlier reports on the same speech samples Rixon, 2000, 2001] . 
F 2 Locus Equations
The slope, y-intercept and R-squared values representing the locus equations for T 1 , T 2 and S are given in table 5 for all places of articulation. Scatterplots of F 2 mid vowel values (Hz) plotted against F 2 onset values for all places of articulation are depicted in figure 3 for T 1 , T 2 , and S. In addition, separate scatterplots representing F 2 locus equation functions for the bilabial, alveolar, velar and glottal places of articulation are depicted in figures 4a-d, respectively for T 1 , T 2 and S. The order of the steepness of the slope values was the same for T 1 and T 2 . This was as follows: glottal > bilabial > velar > alveolar. A slightly different order of steepness of slope values was found for S, which was as follows: glottal > velar > bilabial > alveolar. The slope values for T 1 , T 2 and S for bilabial, alveolar and velar places of articulation are within the range of those published elsewhere [Sussman et al., 1991 [Sussman et al., , 1998a . The order of slopes for bilabial, alveolar and velar places of articulation presented by T 1 and T 2 is in line with 18/20 of the speakers reported by Sussman et al. [1991] , while the order of slopes for S agrees with those of the remaining 2 speakers from the same study. Higher slope values reflect higher levels of coarticulation for those consonants which display greater Whiteside/Rixon 286 Phonetica 2003; 60:273-297 levels of covariation between F 2 onset and F 2 mid/target values, and therefore higher levels of coarticulation. For example, in the cases of both /b/ and /h/, the articulators of both consonants are independent of the tongue. The lingual gestures for the vowels can therefore be anticipated to a greater extent in the /bVC/ and /hVC/ syllables compared to /dVC/ because /d/ involves lingual gestures. This therefore explains why the slope values for /b/ and /h/ are higher than those for /d/ in the data of all 3 siblings (table 5) . However, the slight difference in the order of slopes for S deserves some discussion. Here, slightly higher slope values were found for /g/ (0.89) compared to those for /b/ (0.86), which suggests that overall levels of F 2 onset and F 2 target covariation were slightly higher for /g/ compared to /b/. It is also worth highlighting, however, that T 2 displayed a slope value for /g/ of 0.88, which is comparable to that observed for S (table 4) . In addition, all 3 speakers displayed the greatest level of variability in the slope data for the velar data set compared to the other places of articulation (see 95% CI data in table 5), suggesting that there was greater allophonic variation in covariation between the F 2 onset and F 2 target values for the small vowel repertoire represented by the word tokens.
The y-intercept values for T 1 , T 2 and S showed the same order of values by place of articulation: glottal < bilabial < velar < alveolar. The y-intercept values for T 1 , T 2 and S for bilabial, alveolar and velar places of articulation are within the range of those published elsewhere [Sussman et al., 1991 [Sussman et al., , 1998a . The lower y-intercept values for /h/ and /b/ are indicative of higher levels of coarticulation compared to the appreciably higher y-intercept values observed for /d/ which reflect lower levels of coarticulation, Whiteside/Rixon 288 Phonetica 2003; 60:273-297 reasons for which were discussed above (see table 5 for y-intercept values). It is also worth commenting at this point that the y-intercept values for /g/ displayed high levels of variation (see 95% CI data in table 5). This reinforces the suggestion that the velar data set displayed high levels of allophonic variation in a data set which represents a modest vowel repertoire. High levels of variation in the y-intercept values for /g/ are documented elsewhere [Sussman et al., 1991 [Sussman et al., , 1998a . Figure 5 depicts a higher order acoustic space expressed in terms of the slope values plotted against normalized y-intercept values for all four places of articulation for T 1 , T 2 and S. Figure 6 illustrates the Euclidean distances between T 1 and T 2 , T 2 and S, and T 1 and S in the higher order acoustic space shown in figure 5. If we scrutinize the between-sibling differences by place of articulation, we see further evidence of greater similarities between the twins, with the smallest distances being observed between T 1 and T 2 for alveolar, bilabial and glottal places of articulation. This contrasts with the velar place of articulation, where the smallest distance was found between T 2 and S, a fact which is reflected in the slope and y-intercept values that are provided in table 5. Figure 7 gives Euclidean distance plots connecting higher order acoustic space coordinates for /b/, /d/, /g/ and /h/, and highlights in detail between-sibling comparisons for T 1 and T 2 ( fig. 7a) , T 1 and S ( fig. 7b ), and T 2 and S ( fig. 7c ). From figure 7 we can see that this higher order acoustic space appears most similar for T 1 and T 2 ( fig. 7a) , and least similar for T 1 and S ( fig. 7b) Table 5 gives the slope and y-intercept values that were used to plot this graph.
discussed above (table 5) . However, the general trends in the data provided in table 6 and figure 7 depicting the Euclidean distances across all consonant pairs (/b-d/, /d-g/, /g-h/, /h-b/) illustrate that the perimeter values for T 1 (1.93) and T 2 (1.75) are marginally more similar than those for T 2 (1.75) and S (1.54), and least similar for T 1 (1.93) and S (1.54). Table 7 gives the results of four sets of Chow tests which were used to test for between-sibling differences in the regression functions expressing the relationship between the mid vowel and vowel onset values of F 2 as a measure of coarticulation. Model 1 examined whether the twins' data could be pooled. Results showed that the regression functions for T 1 and T 2 representing F 2 coarticulation patterns can be pooled for each place of articulation (model 1 in table 7). Model 2 examined whether the twins' data could be pooled with those of their sibling (S). Significant differences indicated that this was not the case for any place of articulation, therefore suggesting that the combined data for the twins could not be pooled with those of their sibling for any place of articulation (model 2 results in table 7). Model 3 examined whether the data modelled by the regression functions for T 1 and S could be pooled. Results showed significant differences for all but one place of articulation (glottal), therefore suggesting that the data for T 1 and S could only be pooled for the glottal place of articulation (model 3 results in table 7). Model 4 examined whether the regression functions for T 2 and S could be pooled. Results showed significant differences for the bilabial and alveolar data, therefore indicating the data for T 2 and S could only be pooled for both velar and glottal places of articulation (model 4 results in table 7). Whiteside/Rixon 290 Phonetica 2003; 60:273-297 In summary, 4/4 of the Chow tests for model 1 were not significant compared to 0/4, 1/4, and 2/4 for models 2, 3 and 4, respectively (table 7) . This therefore suggests greater similarity between the twins data compared to their age-and sex-matched sibling.
Testing for Between-Sibling Differences: Chow Tests
Discussion
If we examine the changes between F 2 onset and F 2 target values on a token-bytoken basis for all 3 siblings as one method of characterizing coarticulation patterns, it is difficult to identify the overall levels of similarity between each sibling pair, and we are also made aware of the level of variability that exists for each sibling and for each token (see 'Results' section). Whilst acknowledging that F 2 locus equations may not fully represent individual speaker variability and the level of phonetic-context determined variation one sees on a token by token basis (see table 3, and 'Results' section above), they move beyond the level of the individual token and allow the linear parameterization of F 2 onset and F 2 target values for larger sets of data. Furthermore, this linear parameterization provides us with coarticulation indices. This preliminary study aimed to investigate the speech patterns of a set of adult male MZ twins and an age-matched same-sex sibling using read speech samples. F 2 onset and F 2 target values and coarticulation patterns were examined using F 2 locus equations for four consonants (/b/, /d/, /g/ and /h/) in CV sequences.
Speech Patterns of MZ Twins
Based on the results of previous studies [Locke and Mather, 1989; Bruggemann, 1972, 1973; Nolan and Oh, 1996; Przybyla et al., 1992] , it was predicted that the twins would display a greater degree of similarity and convergence in their formant frequency values and coarticulation patterns compared to their age-and sexmatched sibling. Based on their respective heights and weights (table 1) , it is not unreasonable to suggest that all 3 siblings had similar vocal tract lengths. However, the twins displayed higher F 2 onset and F 2 target (mid) values compared to their age-and sex-matched sibling (table 3, fig. 2 ), which suggests that there may have been greater physical similarities between the vocal tracts of the twins compared to their sibling. However, further physical evidence would be necessary to explore this possibility fur- Whiteside/Rixon 292 Phonetica 2003; 60:273-297 a Not significant at p < 0.05, implying that the data from these groups can be pooled. The shaded boxes highlight these non-significant data. b Significant at p < 0.05, implying that the data from these groups cannot be pooled.
ther. The F 2 onset and F 2 target data for all 3 siblings displayed variation which was conditioned by phonetic context (see table 3, fig. 2 and 'Results' section). In addition, the twins displayed some evidence of higher levels of similarity in their coarticulation parameters compared to their sibling. This greater overlap in their coarticulation patterns was demonstrated by a number of different measures and statistical evaluations which are summarized as follows. Firstly, F 2 vowel onset values highlighted a greater degree of similarity between the twins (table 4) . From this data, it could be inferred that the twins may have used similar articulatory dynamics at the onset of vowels in the CV sequences with respect to the anterior-posterior lingual gestures indexed by F 2 . Alternatively, the already posited suggestion of greater physical similarity in their vocal tracts could explain these data. Secondly, the F 2 locus equations (table 5, fig. 3, 4) and the Chow tests (table 7) which tested for between-sibling differences in the relationship between F 2 mid vowel and F 2 vowel onset values of all 3 siblings indicated a larger number of similarities between the twins compared to other between-sibling comparisons. Finally, when the 'higher order acoustic space' of the F 2 mid vowel/vowel onset relationship expressed in terms of the slope and normalized y-intercept values was examined, the twins were found, for the most part, to display greater similarities compared to their age-and sex-matched sibling. For example, the smallest values for between-sibling Euclidean distance comparisons for bilabial, alveolar and glottal places of articulation were found for T 1 and T 2 ( fig. 5, 6 ), suggesting that they had similar patterns of coarticulation in the CV sequences of the consonants /b/, /d/ and /h/. In addition, the Euclidean distances between consonant pairs (/b-d/, /d-g/, /g-h/, /h-b/) for between-sibling comparisons ( fig. 7 ) showed higher levels of similarity for T 1 and T 2 compared to the other between-sibling comparisons, and marginally greater similarities in their total perimeter values (table 6).
Genetic and Environmental Influences on Speech Characteristics
Given the fact that all 3 siblings share the same phonological system as well as shared environmental influences, the greater overlap in the coarticulation patterns of the MZ twins suggests that their speech patterns as reflected by the coarticulation parameters investigated here may be under some degree of genetic control. Genetic influences will not only apply to the anatomical and physiological components of speech production and speech perception mechanisms, but they may apply also to those cortical areas which subserve speech and language input and output processes [Thompson et al., 2001] . Studies have found that both verbal ability [Plomin et al., 1997; Thompson et al., 2001] and speech and language disorders Thompson, 1991, 1992; Shriberg et al., 2001] appear to be genetically influenced. The role of genetic factors and the extent of their impact upon the cortical areas which subserve speech and language processing and the acquisition of speech skills therefore deserve further investigation.
Given the extent of genetic influences on the peripheral structures involved in speech production such as the vocal tract and the larynx, it is perhaps not surprising that these higher levels of physical similarity will have some influence on shaping the speech characteristics of MZ twins. Indeed the greater level of similarity between the formant frequency values of the twins seems to provide some support for this suggestion ( fig. 2 ). In addition, the coarticulation patterns represented by the F 2 locus equations reported in this study suggest that although there is some degree of family resemblance in the speech characteristics of all 3 siblings (T 1 , T 2 , and S), the extent of the similarities is greatest between MZ twins (T 1 and T 2 ). These findings taken as a whole suggest that the genetic influences between the twins may be greater than those of their sibling. They suggest a cascade of genetic influences on speech characteristics, and parallel the findings of a brain imaging study where a genetic continuum was found in the brain structures of MZ twins (highest degree of overlap and similarity), DZ twins and unrelated subjects (lowest degree of overlap and similarity) [Thompson et al., 2001] . More data from a larger cohort of twins and related individuals are necessary to further explore the role of genetic factors in speech characteristics and speech production skills.
Perceptual Relevance of Coarticulation Patterns: Implications for Shared Learning Capacity?
There is direct evidence from perceptual studies which supports the role of genetics in perceptual processing abilities for both speech [Jäncke and Steinmetz, 1994] and musical stimuli [Drayna et al., 2001] . There is some debate about the perceptual relevance of coarticulation pattern parameters such as F 2 locus equations [see Sussman et al., 1998b for a review and commentaries]. However, developmental studies [Sussman et al., , 1999 and perceptual studies using synthetic stimuli [Sussman et al., 1995] suggest that the acoustic parameters they represent may play some role in the perception of stop consonants. Furthermore, F 2 locus equations remain stable even under articulatory perturbation [Sussman et al., 1995] . This suggests that speakers will compensate during articulatory perturbation in order to maintain the acoustic cues and therefore, the auditory cues for consonants signalled by the lawful relationship (transition or frequency change) between the onset and target values of vowels in CV(C) syllables [Sussman et al., 1995] . The perceptual relevance of F 2 locus equations and their characterization of coarticulation patterns and the role of genetic factors in both perceptual abilities and the acquisition of motor speech skills therefore deserve further investigation.
